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Abstract: With the aim of improving erosive wear resistance in hypoeutectic white cast irons with 18%
Cr and 2% Mo, several samples of this grade were subjected to different heat treatments at 1000 ◦C to
destabilize the austenite. The dwell times at this temperature varied from 4 to 24 h and the samples
were cooled in air or oil. The existing phases were identified and quantified by applying the Rietveld
structural refinement method. The results were correlated with the hardness of the material and with
the microhardness of the matrix constituent. The greatest resistance to erosive wear was achieved in
those samples that had a higher percentage of secondary carbides. The longer the dwell time at the
destabilization temperature of austenite, the greater the amount of precipitated secondary carbides.
However, the percentage of dissolved eutectic carbides is also higher. These eutectic carbides were
formed as a result of non-equilibrium solidification. Low cooling rates (in still air) can offset this
solution of eutectic carbides via the additional precipitation of secondary carbides in the 600–400 ◦C
temperature range. A sharp decrease is observed in the percentage of retained austenite in those
treatments with dwell times at 1000 ◦C equal to or greater than 12 h, reaching minimum values of
around 2% volume. The percentage of retained austenite was always lower after oil quenching and
the hardness of oil quenched samples was observed to be greater than those quenched in air. In these
samples, the maximum hardness value obtained was 993 HV after a 12 h dwell, which result from the
optimum balance between the percentages of retained austenite and of precipitated carbides.
Keywords: high chromium white cast iron; Rietveld refinement; secondary carbides; X-ray diffraction;
retained austenite
1. Introduction
White cast irons highly alloyed with Cr are used in environments where resistance to abrasive
wear is a priority requirement. Up to approximately a 16% Cr content, the eutectic constituent is
ledeburitic, where the matrix phase of this constituent is mixed carbides with a 3:1 stoichiometry.
However, when the weight content of Cr exceeds 16%, the eutectic constituent is no longer ledeburitic
but austenite, being the matrix phase of this eutectic, while the dispersed carbides that accompany it are
mixed carbides with a 7:3 stoichiometry [1], presenting a similar morphology to bars or plates [2]. Due to
the high concentration of dissolved elements in solid solution, the austenite displays high hardenability,
so the precipitation of martensite is obtained by cooling in air [1]. As a result of the destabilization of
austenite at temperatures around 1000 ◦C, Cr-rich secondary carbides precipitate [3–17] which promotes
enhanced abrasion resistance and an increase in the Ms temperature [18], thereby leading to a reduction
in retained austenite [19]. Previous studies confirm that the longer the dwell time at the aforementioned
temperature, the greater the precipitation of these carbides [2]. Other studies indicate that a higher
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fraction of secondary carbides could be obtained during tempering between 400 and 600 ◦C [20],
with increasing percentages formed with higher severity quench media, for example, during cryogenic
treatments [14,20,21]. The addition of Mo increases hardenability [6,22], increasing hardness [23],
and enhancing wear resistance [24–26]. During high tempering processes, mixed (Mo,X)2C carbides,
can nucleate heterogeneously at eutectic Cr rich carbide boundaries [10], progressing in the matrix [13].
The objectives of this paper were, on the one hand, to optimize the destabilization heat treatment of
austenite and the type of quenching to increase wear resistance, and on the other, to correlate the results
of hardness and wear with the microstructural variations resulting from these treatments. To this end,
several samples were taken from a hypoeutectic white cast iron with 18% Cr and 2% Mo which was
subjected to several destabilization heat treatments at 1000 ◦C, employing different dwell times ranging
from 4 to 24 h and subsequent cooling in air or oil. The aim of testing several dwell times at 1000 ◦C
was to assess the possible impoverishment in chromium and carbon of the austenite, which would lead
to an increase in the Ms temperature. This increase would reduce the theoretical risk of cracking on
quenching, allowing this cooling to take place in oil and producing a decrease in the retained austenite.
2. Materials and Methods
Table 1 shows the chemical composition of the white cast iron under analysis. Prior to preparing
the samples, the as-cast material was subjected to an isothermal treatment at 700 ◦C for 24 h with air
cooling to facilitate the cutting of the samples. This treatment was reported to increase hardness after
subsequent quench [27]. In all, 8 samples were treated at 1000 ◦C for 4, 8, 12, and 24 h in pairs and then
quenched in air or oil. The evolution of the material’s microstructure following these heat treatments
was analyzed by means of optical microscopy (Nikon, Tokyo, Japan) and scanning electron microscopy
(JEOL, Nieuw-Vennep, The Netherlands). Grinding was carried out with 60, 120, 240, 400, and 600 grit
size SiC paper. Subsequently, the samples were polished in two consecutive stages with 6 µm and 1 µm
diamond paste, respectively. Nital 5 was used as the chemical reagent to reveal the microstructure of
the material. The percentages and types of precipitated phases were determined by X-ray diffraction,
employing molybdenum as the emitting metal. The diffractograms were measured on the Seifert
XRD 3000 T/T diffractometer (Baker Hughes, Celle, Germany) employing a Bragg-Brentano parfocal
optical configuration with reverse rotation coupled to the detector. The radiation emitted by the fine
focus Mo tube, at 40 kV and 40 mA, was monochromatized to the Kα doublet: λ1 = 0.709316 Å and
λ2 = 0.713607 Å. The patterns were recorded by means of a NaI (Tl) scintillation detector measuring
the 2θ angular range. This was found to be between 12◦ and 56◦, with a 0.025◦ step and a counting
time per step of 30 s. Determination of the percentage of crystalline phases was established by fitting
the aforementioned diffractograms using the Rietveld structural refinement method. To do so, starting
with the recording of the diffraction figures obtained in both grades, a structural refinement was carried
out using the crystallographic information files present in the ICSD inorganic structures database
(version 2016, FIZ Karlsruhe, Eggenstein-Leopoldshafen, Germany) belonging to the phases that,
according to the technical literature, may be precipitated after the various thermal treatments. These
mainly include: Martensite (α’), Austenite (γ), mixed Cr/Fe carbides (in particular with 3:2, 7:3 and
23:6 stoichiometries) and mixed Mo2C and Fe3C carbides [1,28,29]. Applying the Rietveld structural
refinement method, a fitting of the diffraction experimental figures was consequently made based on
the diffraction patterns of these phases.
To measure the overall hardness of each sample, the Vickers hardness was measured applying a
10 N load. Furthermore, the hardness of the eutectic constituent, without including primary carbides,
was obtained applying a 0.5 N load. In all cases, 10 indentations were made in each of the samples.
The diagonals of the indentations were measured under an optical microscope at 1000 magnifications.
The erosive wear resistance was measured by means of compressed air blasting with corundum
particles according to the ASTM G76 standard, applying a pressure of 4 bar, a flow rate of 160 g/min and
a 30◦ angle of incidence on the sample surface. Five repetitions were performed for each experimental
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condition. The duration of each test was set to 1 min. The dimensions of the experimental specimens
corresponded to prisms of 50 by 30 by 10 mm3.
Table 1. Chemical composition of the analyzed samples (wt. %).
C Si Mn Cr Mo S P
3.0 1.2 0.8 18.2 2.0 0.009 0.024
3. Results
Figure 1 shows the microstructure obtained in the as-cast state. The presence of eutectic carbides
and pearlite can be observed in a matrix with abundant retained austenite. A high percentage of
the eutectic constituent and a relatively fine structure of this constituent are observed. This suggests
the possibility of non-equilibrium solidification. By means of an isothermal treatment at 700 ◦C,
the retained austenite may be transformed into pearlite, thereby favoring subsequent machining for
the preparation of the samples (Figure 2).
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secondary carbides largely precipitated in the proeutectic austenite and showing a darker coloring than
the austenite of the eutectic constituent, is worth noting. The greater density of secondary carbides
in the proeutectic austenite compared to the austenite of the eutectic constituent may be due to the
segregation of Mo towards the eutectic liquid, favoring the enrichment of the eutectic austenite in this
element, which has an inhibiting effect on the precipitation of secondary carbides [30]. The observed
microstructure is a consequence of three simultaneously competing kinetics:
1. A greater density of secondary carbides with increasing dwell time at 1000 ◦C, which leads to an
increase in the Ms temperature, thus favoring a decrease in the retained austenite.
2. Also, as the dwell time at 1000 ◦C is increased, the dissolution of those eutectic carbides that have
precipitated as a consequence of the non-equilibrium solidification takes place.
3. Furthermore, additional precipitation of secondary carbides takes place in the 600–400 ◦C
temperature range when the cooling rate is low (cooling in still air).
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Figure 4 shows the diffractograms obtained after the different h at treatments used to destabilize
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The Rietveld structural refinement method was used to identify the existing phases and determine
their weight percentages.
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oil-quenched samples.
Table 2 shows the volume percentages of the identified phases in each diffractogram.
The percentage of retained austenite is always seen to be lower in the oil-quenched samples. In general,
an abrupt decrease in the percentage of retained austenite is observed in the destabilization treatments
with a dwell time of 12 and 24 h compared to those lasting 4 and 8 h. On the other hand, it can be
seen that the precipitated carbides are all of the M7C3 type. The specimens cooled in air showed a
smaller difference between the percentages by volume of total carbides, ranging between 52% and 55%.
However, these variations were found to be greater in the samples quenched in oil, whose values were
comprised bet en 43% to 56%. In both cases, the overall perc ntage of c rbides is a consequenc of
the following:
• The longer the dwell time at 1000 ◦C, the greater the percentage of precipitated secondary carbides.
• The longer the dwell time at 1000 ◦C, the greater the percentage of eutectic carbides that dissolve.
These eutectic carbides will be those formed as a result of non-equilibrium solidification. It should
be noted that the solubility limit of the C in the austenite will increase until 1000 ◦C is reached.
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• Moreover, additional precipitation of secondary carbides in the 600–400 ◦C temperature
range is produced in air-cooled samples. This precipitation tends to offset the dissolution
of eutectic carbides.
In the oil-quenched samples, the lowest percentage of total carbides is obtained in the samples
with the shortest and longest dwell times at the destabilization temperature, i.e., 4 and 24 h, respectively.
Four hours at 1000 ◦C is not enough time for a significant number of secondary carbides to precipitate.
After 24 h at 1000 ◦C, the dissolution of eutectic carbides has offset the precipitation of secondary
carbides. The highest percentage of carbides is obtained after 8 h dwell time at 1000 ◦C, subsequently
decreasing slightly after a dwell time of 12 h and once again reaching the minimum percentage of
carbides after a dwell time of 24 h. The comparison between the samples with a 4 h dwell time at
1000 ◦C and respective cooling in air and oil is worth highlighting. The samples that were cooled in
air reach 55.17% by volume of carbides; however, those cooled in oil only reach 43.33%. The slower
cooling equivalent to a staircase where horizontal sections are longer than if the cooling was faster.
This would favor the precipitation of new secondary carbides in the temperature range between 600
and 400 ◦C.
Table 2. Microstructural parameters and weight distributions of the precipitated phases. Esd represents
the statistical error.
Quenching
(Destabilization Heat Treatment at 1000 ◦C) Rietveld Fitting Phases
Bragg
R-Factor Volume % Esd.
Air
4 h
Rwp = 9.66
Chi2 = 2.37
α’ 1.5 36.59 ±094
γ 4.76 8.24 ±0.41
M7C3 2.72 55.17 ±1.51
8 h
Rwp = 11
Chi2 = 2.77
α’ 1.04 35.48 ±0.91
γ 7.86 9.94 ±0.44
M7C3 4.5 54.58 ±1.47
12 h
Rwp = 10.2
Chi2 = 2.62
α’ 4.39 45.63 ±1.07
γ 5.54 2.61 ±0.29
M7C3 3.71 51.76 ±1.50
24 h
Rwp = 10.7
Chi2 = 2.74
α’ 5.34 44.30 ±1.1
γ 6.15 2.83 ±0.3
M7C3 4.58 52.87 ±1.54
Oil
4 h
Rwp = 11.3
Chi2 = 2.77
α’ 3.96 50.09 ±1.49
γ 8.28 6.59 ±0.42
M7C3 8.82 43.33 ±1.63
8 h
Rwp = 10.9
Chi2 = 1.99
α’ 3.43 36.53 ±1.17
γ 3.85 6.94 ±0.57
M7C3 4.69 56.52 ±1.80
12 h
Rwp = 11.7
Chi2 = 2.67
α’ 8.16 44.84 ±1.39
γ 8.9 2.26 ±0.45
M7C3 8.12 52.90 ±1.84
24 h
Rwp = 11.6
Chi2 = 2.45
α’ 6.44 51.35 ±1.57
γ 9.1 2.22 ±0.48
M7C3 8.47 46.43 ±1.81
Figure 5 shows a representative image of both cases, where it can be seen that the density and size
of secondary carbides is significantly lower when the cooling takes place in oil.
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Figure 6 shows the hardnes values obtaine . igure 6a shows the hardness of the material
applying a 10 N load. Note that the hardness i l i er after oil quenching. In air quenching,
the ardness is also found to increase with i creasi ell ti e at the destabilization temperature,
while the retained austenite decreases. o ever, a ong the sa ples quenched in oil, the highest
hardness was obtained when the destabilization heat treatment lasted 12 h, in which a very low
amount of retained austenite (2.26%) and a high amount of carbides (52.90%) were obtained. Figure 6b
shows the microhardness values obtained in the matrix constituent applying a 0.5 N load. In this case,
the highest hardness among the samples quenched in oil is once again obtained after 12 h dwell time at
1000 ◦C, which is when the optimum balance between retained austenite and secondary carbides is
reached. When the dwell time is 24 h, there is a decrease in the total percentage of carbides (to 46.43%).
In the case of the air-quenched samples, in which the percentage of carbides under goes a much lower
variation than in those quenched in oil, the highest hardness of the matrix constituent is obtained in
the sample subjected to the destabilization heat treatment at 1000 ◦C for 24 h, resulting in a lower
percentage of retained austenite.
Figure 7 shows the results obtained after the wear test. The error bar shows the difference between
the average value and the maximum and minimum values reached.
In the case of the specimens that were cooled in the air, the highest wear resistance is obtained
after 4 and 24 h of dwell at the destabilizing temperature, which correspond to the samples with a
higher percentage by weight of carbides. And yet the treatment of 4 h at 1000 ◦C provided the lowest
hardness value. This is thought to be related to the high presence of retained austenite leading to
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a somewhat lower hardness, and the higher fraction of secondary carbides conducting to a better
performance in the erosive wear testing in turn. In contrast to this, the sample that remained 24 h at
1000 ◦C displayed the highest hardness, and the lowest austenite retained.
In the case of the specimens that were oil quenched, a maximum in the wear resistance were
obtained after 8 and 12 h of austenite destabilization, which corresponds to the samples for which
the highest percentage of secondary carbides were measured. Out of these, the sample which was
subjected to a 12 h destabilization treatment and checked to have a higher hardness had a lower
percentage of retained austenite in its microstructure. It then follows that an optimal resistance to
erosive wear could be achieved with the highest percentage of secondary carbides formed during the
destabilization of austenite. And it seems less relevant for improved wear resistance the resulting
hardness achieved by martensite, carbides, and retained austenite [11,13,17]. In turn, the percentage of
secondary carbides formed over destabilization period seems to be influenced, not only by the dwell
time at the destabilization temperature, but also by the cooling rate.
Metals 2018, 8, x FOR PEER REVIEW  8 of 11 
 
(a) (b) 
Figure 6. Hardness values. The error bars show the distance between the mean value and the 
maximum and minimum values. Ten (10) indentations were made in each sample; (a) hardness 
values obtained in the overall microstructure applying a 10 N load; (b) hardness values obtained in 
the constituent matrix applying a 0.5 N load. 
Figure 7 shows the results obtained after the wear test. The error bar shows the difference 
between the average value and the maximum and minimum values reached. 
In the case of the specimens that were cooled in the air, the highest wear resistance is obtained 
after 4 and 24 h of dwell at the destabilizing temperature, which correspond to the samples with a 
higher percentage by weight of carbides. And yet the treatment of 4 h at 1000 °C provided the lowest 
hardness value. This is thought to be related to the high presence of retained austenite leading to a 
somewhat lower hardness, and the higher fraction of secondary carbides conducting to a better 
performance in the erosive wear testing in turn. In contrast to this, the sample that remained 24 h at 
1000 °C displayed the highest hardness, and the lowest austenite retained. 
In the case of the specimens that were oil quenched, a maximum in the wear resistance were 
obtained after 8 and 12 h of austenite destabilization, which corresponds to the samples for which 
the highest percentage of secondary carbides were measured. Out of these, the sample which was 
subjected to a 12 h destabilization treatment and checked to have a higher hardness had a lower 
percentage of retained austenite in its microstructure. It then follows that an optimal resistance to 
erosive wear could be achieved with the highest percentage of secondary carbides formed during 
the destabilization of austenite. And it seems less relevant for improved wear resistance the resulting 
hardness achieved by martensite, carbides, and retained austenite [11,13,17]. In turn, the percentage 
of secondary carbides formed over destabilization period seems to be influenced, not only by the 
dwell time at the destabilization temperature, but also by the cooling rate. 
 
Figure 7. Resistance to erosive wear. Weight loss per unit of time. 
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applying a 0.5 N load.
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4. Conclusions
After performing diff rent he t treatments at 1000 ◦C to d stabilize the a stenit in white cast
irons with 18% Cr and 2% Mo, with quenching in air and oil, the following conclusio s may be drawn:
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1. The longer the dwell time at the destabilization temperature of austenite (1000 ◦C), the greater
the amount of precipitated secondary carbides. However, the percentage of dissolved eutectic
carbides is also higher. These dissolved eutectic carbides will have been formed as a result of
non-equilibrium solidification. Low cooling rates (in still air) can offset this solution of carbides
via the additional precipitation of secondary carbides in the 600–400 ◦C temperature range.
2. The erosive wear resistance depends mainly on the volume fraction of secondary carbides
precipitated during the destabilization of austenite. The maximum wear resistance in air cooled
samples corresponded to a destabilizing treatment at 1000 ◦C for 4h and 24 h. However,
in those samples quenched in oil, the maximum wear resistances were obtained on those samples
destabilized at 1000 ◦C for 8 h and 12 h.
3. There is a sharp decrease exists in the percentage of retained austenite in those treatments with
dwell times at 1000 ◦C equal to or greater than 12 h, reaching minimum values of around 3 wt. %.
4. In the oil-quenched samples, the lowest percentage of carbides obtained is 43–46% after dwell
times of 4 h and 24 h, reaching a maximum value of 56% when employing a dwell time of 8 h.
5. In the air-quenched samples, an increase in hardness is observed with increasing dwell time at
the destabilization temperature and as the retained austenite decreases, obtaining a maximum
hardness of 961 HV after a dwell time of 24 h. In the oil-quenched samples, however, the maximum
hardness was 993 HV after a dwell time of 12 h, which is when an optimum balance is obtained
between the percentages of retained austenite and the percentages of precipitated carbides.
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